Underlying mechanisms by which air pollutants adversely affect human health remain poorly understood. Oxidative stress has been considered as a potential mechanism that may promote lipid peroxidation by reactive oxygen species, leading to the formation of malondialdehyde (MDA) that is excreted in biofluids (e.g., urine and exhaled breath condensate (EBC)). A panel study was conducted to examine whether concentrations of MDA in EBC and urine were associated, respectively, with changes in air pollution levels brought by the Beijing Olympic air pollution control measures. EBC and urine samples from 125 healthy adults were collected twice in each of the pre-, during-, and post-Olympic periods. Period-specific means of MDA and changes in MDA levels associated with increases in 24-h average pollutant concentrations were estimated using linear mixed-effects models. From the pre-to the during-Olympic period, when concentrations of most pollutants decreased, EBC MDA and urinary MDA significantly decreased by 24% (Po0.0001) and 28% (P ¼ 0.0002), respectively. From the during-Olympic to the post-Olympic period, when concentrations of most pollutants increased, EBC MDA and urinary MDA increased by 28% (P ¼ 0.094) and 55% (P ¼ 0.046), respectively. Furthermore, the largest increases in EBC MDA associated with one interquartile range (IQR) increases in all pollutants but ozone ranged from 10% (95% CI: 2%, 18%) to 19% (95% CI: 14%, 25%). The largest increases in urinary MDA associated with IQR increases in pollutant concentration ranged from 9% (95%: 0.3%, 19%) to 15% (95% CI: 3%, 28%). These findings support the utility of EBC MDA as a biomarker of oxidative stress in the respiratory tract and urinary MDA as a biomarker of systemic oxidative stress in relation to air pollution exposure in healthy young adults. Both EBC and urine samples can be collected noninvasively in the general population.
INTRODUCTION
Oxidative stress has been linked to various adverse health outcomes and even natural aging. [1] [2] [3] [4] Lipids are the most targeted molecules of oxidative stressors such as reactive oxygen species (ROS). 5 Peroxidation of lipids by ROS has been linked to cardiovascular and/or respiratory diseases in several epidemiological studies. [6] [7] [8] [9] [10] [11] Malondialdehyde (MDA) is a principal stable product of lipid peroxidation and has been recognized as a relevant biomarker of oxidative stress. 5, [12] [13] [14] Higher levels of MDA, in plasma, serum, and exhaled breath condensate (EBC), have been observed in subjects with diseases characterized by oxidative stress, for example, cancer, diabetes, cardiovascular, and respiratory diseases. [15] [16] [17] [18] Oxidative stress has been regarded as an important mechanism by which air pollution exposure leads to adverse health effects. [19] [20] [21] [22] [23] Several biomarkers (e.g., 8 -hydroxydeoxyguanosine and 8-isoprostane) have been used in studies of air pollution exposure associated with oxidative stress. However, only a limited number of epidemiological studies employed MDA as a biomarker of oxidative stress in relation to air pollution. [24] [25] [26] For example, Barregard et al. 24 reported an increased level of MDA in EBC both immediately and 20 h after exposure to wood smoke. Romieu et al. 26 studied associations of MDA in EBC with PM 2.5 and O 3 in asthmatic children living in Mexico City. Urinary MDA has also been measured to assess health effects of air pollution exposure in epidemiological studies. 27, 28 However, these studies used subjects with respiratory diseases, children or the elderly, who were believed to be more susceptible to air pollution exposure than young and healthy adults. Hence, it is necessary to examine whether MDA can be used as a biomarker of ambient air pollutioninduced oxidative stress in young and healthy adults.
The 2008 Beijing Olympics provided a unique opportunity to study the acute health effects of air pollution. Aggressive air pollution control measures were implemented to temporarily improve Beijing's air quality, including reducing cars running on the road through an odd/even plate number rule, relocating heavily polluting factories, installing or improving pollutant control devices, reducing the production capacity of various industries, and suspending all construction projects during the Olympic period, and so on. 29 The control measures resulted in substantial reductions in air pollution levels during the Olympic period from 20 July 2008 to 19 September 2008. Taking advantage 1 of this air pollution intervention, we conducted a panel study to test our hypotheses (1) that concentrations of MDA in young and healthy adults would reduce in response to the reduction in ambient air pollution during the Olympic period, and increase with increases of air pollution concentrations after the Olympics, and (2) that concentrations of MDA were associated with concentrations of some individual air pollutants in the same or previous few days before the MDA measurement. By testing these hypotheses, we aim to evaluate the utility of MDA measured in EBC or urine as a biomarker of oxidative stress induced by air pollution in healthy and young adults.
METHODS

Study Protocol
Based on the air pollution control measures described earlier, 29 three Olympic periods were defined in our study 30, 31 as: the pre-Olympics (2 June 2008-19 July 2008) when some relatively mild controls were implemented, the during-Olympics (20 July 2008 -19 September 2008 when the full-scale control measures were implemented, and the postOlympics (20 September 2008 -30 October 2008 when the majority of the control measures were relaxed. We collected EBC and urine samples from the participants twice in each of the three Olympic periods, i.e., two samples/participant from 10 June to 7 July (pre-Olympics), two samples/ participant from 4 August to 29 August (during-Olympics), and two samples/participant from 6 October to 30 October (post-Olympics). Air pollution was monitored in each of the three Olympic periods one week before the starting date of the biological sample collections. The study protocol was approved by both the Institutional Review Board of University of Medicine and Dentistry of New Jersey and the Ethics Committee of the Peking University Health Sciences Center and the Peking University First Hospital.
Study Participants
Study participants have been described previously. 30, 31 Briefly, we recruited 128 nonsmoking individuals, 22-27 years of age, from the pool of the medical residents at Peking University First Hospital. The Hospital was located in the center of Beijing, within the second Ring Road. All study participants worked on the campus of the hospital and resided in dormitories of either the hospital or the nearby (o5 km) Peking University Health Sciences Center. Ninety-three percentage (119 out of 128) of participants completed all of the six planned clinic visits, with six participants finishing five of the six visits. Three participants withdrew from the study after the first two clinic visits and were excluded from the data analysis. These 125 subjects, as shown in Table 1 for their demographical characteristics, were used in the statistical analyses.
Air Pollution Monitoring
Air pollution measurements have been described previously. 30, 31 Briefly, air samplers and monitors were collocated on the top of a seven-story building located in the center of the hospital campus. Fine particles (PM 2.5 ) and elemental carbon (EC) were measured on a 24-h basis. Sulfur dioxide (SO 2 ), carbon monoxide (CO), nitrogen dioxide (NO 2 ), and ozone (O 3 ) were monitored continuously throughout the entire study period. Ambient temperature and relative humidity (RH) were monitored continuously and concurrently at the same site.
Sample Collection and Analysis for MDA EBC were collected using a Jaeger EcoScreen condensing device (Jaeger, Wurzburg, Germany). The machine was turned on at least 30 min before collection to allow the cooling cuff to reach operating temperature ( À 20 1C). Each EBC sample was collected for 20 min, during which the participants were seated, wearing nose clips, and instructed to breathe tidally. From each participant, B2.5 ml of condensate was obtained per collection. Aliquots of EBC samples were then stored at À 70 1C before analyses. On each day of the clinical visit, a 50-ml morning urine sample was collected from each participant for MDA and creatinine analyses. The method for analyzing MDA in EBC and urine samples was modified from a published method that used an HPLC system with fluorescent detection. 32 Briefly, a 100 ml aliquot of EBC or urine sample was added to a mixture of 500 ml phosphoric acid (440 mM) and 250 ml of thiobarbituric acid (TBA, 42 mM). A derivative reaction between MDA and TBA occurred and lasted for 1 h at 80 1C in an oven. After the reaction, a 20 ml aliquot of the solution with MDA-TBA derivatives was injected into the HPLC system with a fluorescence detector set at 532 nm for the excitation wavelength, and 553 nm for the emission wavelength. A Nova-Pak C 18 column (Waters, USA) was used along with a mobile phase that was composed of 40% methanol and 60% water containing 50 mM KH 2 PO 4 (pH ¼ 6.8) at a flow rate of 0.8 ml/min. The detection limit, extraction recovery, and analytical precision of this method were 1.8 nM, 75.9%, and 2.2% (measured as RSD from eight replicate injections), respectively.
Statistical Methods
Linear mixed-effects models were described in a related, recently published paper, 31 to examine differences in MDA levels between periods (pre-, during-, and post-Olympics) as well as, separately, associations between pollutants and MDA. Models adjusted for temperature, RH, gender, and day of week for biomarker measurement. Equicorrelation (i.e., compound symmetry) induced by a random effect for subject was chosen to account for the correlation between all observations within subject after comparison of several covariance structures, including unstructured, compound symmetry, and autoregressive. Best fits for the effects of average temperature and RH in 24 h before biomarker measurements were obtained using the natural splines function with up to 3 degrees of freedom. After estimating the effects of 24 h temperature and RH, cumulative averages of between 2 and 7 days of temperature and/ or RH were added into the models if indicated by a reduced value of Akaike information criterion.
To examine period effects, indicator variables for period were added to the initial model. We estimated the mean concentrations of EBC MDA and urinary MDA for each of the three Olympic periods, as well as the absolute and percentage changes in the mean concentrations between each of the two periods. Air pollution concentrations were averaged over various time periods before when EBC/urine samples were collected, categorized as lag 0 (0-23 h), lag 1 (24-47 h), lag 2 (48-71 h), lag 3 (72-95 h), lag 4 (96-119 h), lag 5 (120-143 h), or lag 6 (144-167 h). Single-pollutant models were used to estimate the associations between MDA and each pollutant by adding the concentration of air pollution at each lag to the initial model. As the air pollutants have different variation scales, we standardized the association of MDA with air pollutants to their interquartile ranges (IQRs). In order to make the changes in EBC MDA and urinary MDA comparable, we calculated the percentage changes in MDA associated with one IQR changes in pollutants. The percentage change in MDA was calculated through dividing the absolute change associated with one IQR change in each air pollutant by its median concentration.
RESULTS
Changes in Air Pollution Levels
As reported previously, 27-60% reductions in period mean concentrations of CO, NO 2 , SO 2 , PM 2.5 , and EC were observed from the pre-to the during-Olympic period. 31 Here, we show time series and box plots of daily average concentrations of the six measured pollutants (Figure 1 ). The time series and box plots of EC, CO, SO 2 , and NO 2 showed decreases in daily concentrations from the pre-to the during-Olympic and increases from the during-to the post-Olympic period. We also observed large dayto-day variations within and across the three periods. In contrast, concentrations of O 3 increased from pre-to during-Olympics, but decreased from during-to post-Olympics. Ozone showed the lowest concentration and day-to-day variation in the post-Olympic period (early autumn) when the photochemical activity was substantially lower than the summer months of the pre-and during-Olympic periods.
Concentrations of EBC MDA and Urinary MDA Period-specific means and between-period differences of MDA are given in Table 2 . Both EBC MDA and urinary MDA were significantly decreased from the pre-to the duringOlympic period, and then increased from the during-to the post-Olympic period with marginal significance. The mean postOlympic concentrations of MDA were larger (but not statistically significant) than those in the pre-Olympic period (see Table 2 ). The mean concentration of EBC MDA decreased by 24% (Po0.0001) from the pre-Olympic to the during-Olympic period and increased by 39% (P ¼ 0.094) from the during-Olympic period to the post-Olympic period. The mean concentration of urinary MDA decreased by 28% (P ¼ 0.0002) from the pre-Olympic to the during-Olympic period, and increased by 55% (P ¼ 0.046) from the during-Olympic period to the post-Olympic period.
As urinary MDA was highly skewed, the Spearman correlation between EBC MDA and urinary MDA was examined. Small correlation coefficients (0.038-0.10) were observed between EBC MDA and urinary MDA in the entire study period and the three Olympic periods.
MDA-Pollutant Associations
Consistent with the hypothesis, both EBC MDA and urinary MDA were significantly and positively associated with all pollutants except O 3 at one or more lag days (Figure 2 ). Among the seven associations of EBC MDA with each individual air pollutant from lag 0 to lag 6, the largest increases (in percentage) in EBC MDA associated with each IQR increases in pollutants occurred at lag 4 for PM 2.5 (11%), at lag 5 for EC (13%), at lag 4 for SO 2 (19%), at lag 0 for CO (11%), and at lag 5 for NO 2 (10%). A similar pattern was observed for the associations of EBC MDA with PM 2.5 , EC, and SO 2 across lags, which decreased within first few lag days. The association of EBC MDA with CO showed a different pattern, which decreased from lag 0 to lag 6 except from lag 1 to lag 2. The association of EBC MDA with ozone was negative on the first four lags, and then increased to become positive on lag days 4, 5, and 6. Figure 3 shows the associations between urinary MDA and PM 2.5 , EC, SO 2 , NO 2 , and CO. Among the seven associations with each pollutant at lag 0 through lag 6, the largest increases in urinary MDA per IQR increases in pollutants occurred at lag 0 for PM 2.5 (15%), at lag 1 for EC (11%), at lag 5 for SO 2 (9%), at lag 0 for CO (14%), and at lag 1 for NO 2 (13%). For PM 2.5 and CO, the association decreased from lag 0 to lag 4. For EC and NO 2 , the associations increased from lag 0 to lag 1, and then decreased along with increasing lag. Urinary MDA showed decreases associated with increases in ozone at all seven lags, with the largest decrease occurring at lag 5.
DISCUSSION
The quasi-experimental design of the current study allowed us to perform both the ''period'' comparison and the pollutantbiomarker association analysis. Both analyses consistently found a significant association between MDA and air pollution either as a mixture (in the period comparison) or as individual pollutant concentrations (in the biomarker-pollutant association analysis). These results demonstrate oxidative stress effects of air pollution in the respiratory tract and in the systemic system of young and healthy adults.
Reductions in ambient concentrations of air pollutants that were observed in the during-Olympic period, when extensive air pollution control measures were implemented, have been consistently reported in several other studies. 29, 31, 33 After the air pollution control measures were relaxed, some of the measured pollutants increased to the pre-Olympic level (PM 2.5 , CO, and SO 2 ) or a higher level (NO 2 and EC). Concomitantly, concentrations of EBC MDA and urinary MDA changed across the three Olympic periods following the same increasing and decreasing pattern for most of the pollutants (except ozone). Furthermore, we observed associations between concentrations of MDA and concentrations of pollutants measured within 24 h (lag 0) and several days (lags 1-6) before MDA measurements, confirming that the reduction in MDA levels during the Olympic period was most likely owing to the reduction in air pollution. EBC MDA and urinary MDA showed similar patterns of change across the three Olympic periods and similar associations with air pollutants. This suggests that both EBC MDA and urinary MDA may serve as biomarkers of oxidative stress in response to changes in air pollution in healthy young adults.
The association between EBC MDA and PM 2.5 exposure has been examined in a previous study. 26 Romieu et al. reported a Table 2 . Period-specific means ( ± SE) of MDA in EBC and urine samples and between-period differences. The statistics were estimated by mixed-effects models, adjusted for temperature, relative humidity, gender, and day of week.
a Period-specific mean values of urinary MDA indicate its geometric mean, and between-period difference values indicate the ratio of the geometric means of two periods. Figure 2. Percentage change in EBC MDA concentration associated with each interquartile range (IQR) increase in pollutant concentration, by lag day. Generated using mixed-effects models controlling for temperature (degree of freedom in natural spline ¼ 1), RH (df ¼ 1), 6-day moving average of temperature (df ¼ 3), 3-day moving average of RH (df ¼ 3), gender, and day of week. Figure 3. Percentage change in urinary MDA concentration associated with each interquartile range (IQR) increase in pollutant concentration, by lag day. Generated using mixed-effects models controlling for temperature (degree of freedom in natural spline ¼ 1), 6-day moving average of temperature (df ¼ 1), gender, and day of week.
1.12 nM increase in EBC MDA associated with a 14.2 mg/m 3 (IQR) increase in PM 2.5 (8-h moving average) on lag day 0, a larger increase in MDA per unit increase in PM 2.5 than in the current study (0.079 nM vs 0.026 nM per 1 mg/m 3 ). The larger per-unit-PM 2.5 effect estimate in the previous study may reflect the differences in subject susceptibility to oxidative stress as asthmatic children were used in the Romieu et al. study as opposed to healthy young adults as in the present study. It may also reflect differences in PM 2.5 composition for Mexico City, the location of the Romieu study, vs Beijing, or dietary differences among the subjects. Figure 2 shows that the increases in EBC MDA with increases in particulate pollutants, that is, PM 2.5 and EC, were not statistically significant on the first three lag days. In contrast, the increases in EBC MDA associated with increases in gaseous pollutants, CO and SO 2 , were significant at lag 0. The finding suggests that gaseous pollutants may lead to lipid peroxidation in the respiratory tract more rapidly than particulate pollutants. This is plausible because respirable particles (PM 2.5 ) may need an extra step (time) to first deposit into the respiratory tract and then interact with cellular lipids to form MDA and other products of lipid peroxidation. 22 The negative association between MDA and ozone in the first few lag days (Figures 2 and 3 ) needs to be regarded with caution as there is no evidence to support protective effects for ozone. At least two other studies found negative associations between ozone exposure and respiratory illness in children and adults. 34, 35 One explanation of the negative associations, raised in the paper of Hajat et al., 35 was that ozone was negatively associated with other air pollutants that were positively associated with the health outcomes. In the current study, ozone was negatively associated with NO 2 , EC, and OC with Spearman correlation coefficients ranging from À 0.13 to À 0.58. 31 In biomonitoring studies, as the urinary concentrations of biomarkers can be affected by the variable dilution of urine samples, the concentration of creatinine is often used to standardize the concentrations of the urinary biomarkers. 36 In the current study, we also analyzed the period changes and the associations of the creatinine-adjusted MDA in urine with air pollutants, and the results are given in the supplemental material (SM). We found nonsignificant decreases and increases across the three Olympic periods (SM1) and nonsignificant associations with air pollutants (SM2) for the creatinine-adjusted urinary MDA. The fact that unadjusted urinary MDA showed more statistically significant associations with air pollutants perhaps reflects that the adjustment for creatinine increased day-to-day variations (larger SDs in SM1 and larger 95% confidence intervals in SM2) in urinary MDA measurements. The current study uses within-subject period comparisons, and urine samples for each subject were collected at the same time of day. Hence, creatinine levels for the same individuals are expected to be similar across repeated measurements. Adjusting MDA levels with creatinine appeared to unnecessarily introduce additional errors into the final statistical analysis.
In the current study, we collected EBC and urine samples noninvasively and measured MDA in EBC and urine using an HPLCfluorescence method, which was sensitive, reliable, and relatively inexpensive. The EBC MDA concentrations measured in the current study were consistent with the concentrations in control groups reported in other studies, but lower than concentrations in subjects with respiratory disease, asthma, or chronic obstructive pulmonary diseases (COPD). 18, 37, 38 In previous studies, Corradi et al. 18, 38 found higher EBC MDA concentrations in asthmatic children (30.2 ± 2.4 nM) and patients with COPD (57.2±2.4 nM). The EBC MDA concentrations for the control group were 19.4 ± 1.9 and 17.7 ± 5.5 nM in the two studies, which is comparable with the concentration of the current study (18.4±8.9 nM). 18, 38 As the creatinine-adjusted urinary MDA were reported in other studies, the urinary MDA concentrations were 89.21 ± 55.30 mmol/mol creatinine in the current study (SM1), lower than those measured in children (407.2 ± 214.9 mmol/mol creatinine) and in the elderly (452.5 ± 181.0 mmol/mol creatinine). 39 Lower concentrations of EBC MDA and urinary MDA obtained in the current study might be the result of having young and healthy adults as study participants, who might have been more resistant to the formation of or effects of ROS, compared with persons with respiratory diseases, children, or the elderly. 40 Factors that might confound the level of MDA in EBC or urine samples were considered in the study design and throughout the entire study period. The baseline exposure questionnaires and the time-activity records suggest a similar opportunity for traffic exposure for the majority of the participants and that the lifestyle of participants was not markedly changed across three Olympic periods (add the time activity table as a SM3). As all participants we enrolled were nonsmokers and healthy, the medication history was rarely identified, and the physician determined that rescheduling owing to upper respiratory illness was only needed for two subject visits (seven cases were identified in total) during the entire study (one visit was rescheduled for 2 days later and the other for 6 days later).
This study had several limitations. First, common in this type of panel study, potential confounding from other factors than air pollution may be a concern. For this reason, we constrained our study to a relatively short time period, including summer and early autumn, and controlled for temperature and RH in the statistical analysis. However, a simple ''linear adjustment'' for temperature and RH would also prove problematic, because the post-Olympic period would essentially determine the slopes for the effect of temperature/RH (as this period has a quite different range of values relative to the first two periods). Second, owing to day-to-day variations in pollutant concentrations, we were not able to assess ''true'' reproducibility (i.e., inter-person variability) of the biomarkers. The utility of MDA in either EBC or urine as a biomarker to reflect steady-state routine exposure, hence, cannot be assessed in this study design. Third, the large day-to-day variation indicates that some potential confounders of urinary MDA other than the air pollution, such as diet, might need to be considered in future studies.
A significant decrease in EBC MDA concentration in healthy young adults was associated with a substantial improvement in air quality during the Beijing Olympic air pollution control period.
When air pollution control measures ended, concentrations of EBC MDA correspondingly increased. In addition, EBC MDA concentration increases were significantly associated with increased air pollutant concentrations, measured on the same or previous few days. Urinary MDA showed similar changes across Olympic periods and also increased with an increase in pollutant concentrations measured on the same or previous few days, although not statistically significant. These findings demonstrate oxidative stress effects of air pollution in both the respiratory tract and systemically for healthy young adults. These findings, along with noninvasiveness of EBC and urine sample collection, support the utility of MDA as a biomarker of oxidative stress in the respiratory tract and urinary tract in population studies of air pollution health effects.
